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Introduction
The oxidation of alcohols to carbonyl compounds is an important transformation in synthetic organic chemistry and extensive efforts have been focused on the development of atom-economic oxidation methodologies for such reactions. [1] [2] [3] [4] Amongst the protocols developed to date, catalytic aerobic oxidation has proven to be especially efficient and valuable by virtue of the use of a low-loaded, low-cost catalyst and molecular oxygen from the air. [5] [6] [7] [8] [9] [10] In the past two decades, copper-catalysed, TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxyl) mediated aerobic oxidation has been the most popular choice of catalyst systems since the pioneering work of Semmelhack and coworkers in 1984. These authors utilized a CuCl/TEMPO system in DMF (N,N-dimethylformamide) to furnish the aerobic oxidation of benzylic and allylic alcohols. 11 Recent progress indicates that both Cu(I) and Cu(II) complexes with a N,N-or N,O-ligands in combination with TEMPO could be efficient catalysts or catalyst precursors for the aerobic oxidation of various alcohols, and of particular note is a highly efficient copper/2,2'-bipyridine/TEMPO system developed by the Stahl group. [12] [13] [14] [15] [16] [17] However, the types of organic ligands exploited in the copper catalyst systems are still limited and the structures of copper catalysts involved in the catalytic process are rarely explored. [17] [18] [19] [20] The construction of metal-organic cluster compounds through self-assembly of predesigned ligands with appropriate metal ions is a prime research topic [21] [22] [23] [24] [25] due to the advantages in catalysing useful chemical transformations, in contrast to simple monometallic complexes. [26] [27] [28] [29] [30] Schiff base type ligands are excellent ligand candidates for high-nuclearity metallosupramolecular assemblies, in particular in cases where additional O-donor atoms have been introduced to the backbone of a Schiff base ligand scaffold. [31] [32] [33] [34] [35] In search of active multimetallic copper catalysts for the aerobic oxidation reactions, we are particularly interested in exploring the catalytic performance of multinuclear copper(II) complexes based on simple Schiff base-type N,O-ligands. Although a dinuclear Cu II -N,O complex has been reported to catalyse the aerobic oxidation of primary alcohols and carbohydrates several years ago, suggesting the great potential of multimetallic copper complexes in catalytic alcohol oxidations, the structures of the catalyst species were not elucidated. 36, 37 Higher nuclearity copper(II) complexes are less studied in terms of the catalytic oxidation reactions.
Herein, we report the one-pot syntheses and crystal structures of two tetranuclear and dinuclear copper(II) complexes resulting from the in situ synthesis of chiral Schiff base ligands (Scheme 1), and their catalytic applications in the TEMPO-mediated aerobic oxidation of benzylic alcohols. The catalytic potential of two complexes is compared based on their catalytic performance in various alcohol oxidation reactions, suggesting that the copper(II) complex with a Cu 4 core is a more efficient catalyst than that one having a Cu 2 core.
Experimental Section

General
Solvents were purchased from Sigma-Aldrich in the US. All reactions were performed under ambient conditions (no inert atmosphere). Optically pure (R)-or (S)-2-aminoglycinol, (1S,2R)-2-amino-1,2-diphenylethanol, and 3,5-di-tert-butyl-2-hydroxybenzaldehyde were purchased from Sigma-Aldrich in the US and were used as received. Solution electronic absorption spectra were recorded on an Agilent 8453 spectrophotometer, and FT-IR spectra using a Shimadzu 8400S instrument with solid samples using a Golden Gate ATR accessory. Electrospray ionization (ESI) mass spectra were recorded using a Bruker esquire 3000plus mass spectrometer. Circular Dichroism (CD) spectra were measured in a 10-mm quartz cell using a JASCO J-820 spectropolarimeter. GC-MS analysis was carried out on a Shimadzu GCMS-QP2010S gas chromatograph mass spectrometer. 
Preparation of (R)-1
Preparation of (S)-1
The complex was prepared as for (R)-1 starting with (S)-2-aminoglycinol (27.4 mg, 0.200 mmol), 3,5- 
General Procedure for Catalytic Aerobic Oxidation
Under typical conditions, the reactions were performed in flasks fitted with water circulated condensors which are open to the air. ) was then added to extract the organic components from the reaction mixture and 50 µL of 1,2,4-trimethylbenzene was added to the organic phase as an internal standard. The products were diluted with dichloromethane and analyzed by GC-MS and yields obtained by using the internal standard method.
Crystal Structure Determinations
Data were collected on a Stoe IPDS or Bruker APEXII diffractometer; Stoe IPDS software 40 , SHELXL97 41 (7) 
Results and Discussion
Synthesis and Structural Description
Stirring a mixture of 3,5-di-tert-butyl-2-hydroxybenzaldehyde, (R)-2-aminoglycinol and Cu(OAc) 2 ·2H 2 O in a 1:1:1 ratio in a mixture of CH 2 Cl 2 and MeOH in the presence of 1.0 equiv. triethylamine led to a deep-green solution, from which green blocks formed after a week of slow evaporation of the solvent (Scheme 1). The X-ray quality crystals of (R)-1 (for simplicity, (R)-1 is used to represent complex (R,R,R,R)-1 with four (R)-ligands) were isolated in 89.4% yield and characterized by UVVis and IR spectroscopies, ESI-MS, elemental analysis and Xray crystallography. The IR spectrum revealed a strong absorption at 1616 cm -1 , assigned to the imine bonds of the Schiff base ligand in (R)-1, and the absorption at 605 nm in the UV-Vis spectrum was consistent with the characteristic band of copper(II) Schiff base complexes. 45 The ESI mass spectrum recorded in a dilute CH Single-crystal structural analysis of (R)-1·2CH 2 Cl 2 unambiguously confirmed the formation of a tetranuclear complex (Fig. 1) . (R)-1·2CH 2 Cl 2 crystallizes in the monoclinic space group C2 with half of the tetranuclear cluster and a cocrystallized dichloromethane molecule in the asymmetric unit, and the second half is generated by a C 2 axis. The absolute structure was determined by the Flack parameter that was refined to 0.030 (9) . The complete molecular cluster without the solvated dichloromethane is depicted in Fig.1 and relevant bond lengths given in the caption are unexceptional. In each molecule, the four copper centres are surrounded by the bulky organic ligands resulting from the in-situ Schiff base condensation, and this forms a hydrophobic environment. However, significant unoccupied space in the coordination sphere is observed from both sides of the molecule along the crystallographic a axis, as seen in a space-filling representation of the single molecule (Fig. 2) . This provides accessible copper(II) sites that could be active for catalysis (vide infra). The tetranuclear cluster structure of (R)-1 is best described in 
Crystals of (S)-1 (for simplicity, (S)-1 is used to represent complex (S,S,S,S)-1 with four (S)-ligands) were also obtained by a similar procedure, using (S)-2-aminoglycinol as a starting material. All spectroscopic data (UV-Vis and IR spectroscopic and mass spectrometric) matched those of (R)-1 and elemental analysis revealed the same molecular composition as in (R)-1. The opposite chiralities of (R)-and (S)-1 were confirmed by circular dichroism (CD) spectroscopy (Fig. 4) . (R)-1 exhibits a positive Cotton effect, while (S)-1 has a negative effect; both are mirror images, consistent with the two complexes being an enantiomeric pair, even though four stereogenic centres are involved in each Cu II complex.
In order to ascertain the influence of the steric hindrance of the ligand on the resulting cluster assembles, we next examined a similar one-pot self-assembly by using a more bulky chiral amino alcohol, (1S,2R)-2-amino-1,2-diphenylethanol under the same condition (Scheme 1). Darkgreen X-ray quality crystals of (S,R)-2 ((S,R)-2 is used to signify the presence of two (S,R)-ligands in the complex) had grown after a week and were isolated in good yield. (S,R)-2 was also fully characterized by UV-Vis and IR spectroscopy, ESI-MS, elemental analysis and single crystal X-ray crystallography. The IR spectrum showed an absorption at 1616 cm -1 assigned to the imine group. In the ESI-MS spectrum, the base peak envelope at m/z 981.8 was assigned to [M + H] + , where M represents a neutral dinuclear bis-ligand complex. (7), O1-Cu1-O2 = 177.65(8), N1-Cu1-O4 = 164.09(7), O1-Cu1-O4 = 100.07(7), O2-Cu1-O4 = 79.24(7), N2-Cu2-O2 = 162.49(7), N2-Cu2-O3 = 95.56(7), O2-Cu2-O4 = 78.84(7), O3-Cu2-O4 = 176.96(8)º.
However, peak envelopes corresponding to a trinuclear trisligand complex were also observed, albeit in lower intensity. The CD spectrum of (S,R)-2 exhibits a positive Cotton effect and corresponds to its electronic absorption spectrum. The solid-state structure of this new copper complex was determined by X-ray crystallography. An ORTEP representation of (S,R)-2 is depicted in Fig. 5 and relevant bond parameters are given in the caption. (S,R)-2 crystallizes in the chiral orthorhombic space group P2 1 2 1 2, containing a dinuclear Cu II complex and a co-crystallized dichloromethane molecule that is disordered in the asymmetric unit. In contrast to (R)-1, the structure of (S,R)-2 is composed of two tetra-coordinate, square planar Cu II centres, bridged with two µ-O atoms from Looking along the normal vector of the best plane through all atoms coordinated to the two metal centres it can be seen that the molecule displays almost perfect C 2 -symmetry, which however is not contained in the space group symmetry. As a consequence of this local symmetry, all four phenyl groups of the amino alcohols point to the same side of the plane of the Cu II cores, resulting in the metal centres on the other side being accessible, as is seen in Fig. 6a . However, further inspection of the 3-D packing shows that, in the solid state, pairs of molecules built up by the two-fold axes of the space group P2 1 2 1 2 stack via a face-toface interaction together through the unblocked sides, with a relatively short intermolecular Cu…O contact of 3.34 Å (Fig. 6b) . 
Catalytic Studies
The tetranuclear and dinuclear copper(II) complexes, (R)-1 and (S,R)-2 were tested to catalyze the aerobic oxidation of benzylic alcohol to benzaldehyde, with base as an additive and in the presence of the TEMPO radical, as shown in Scheme 2. All reactions were performed on a 1.0 mmol scale using copper(II) complexes as catalysts over a period of 22 h under conditions indicated in Table 1 . The yields of the carbonyl products were determined by GC-MS analysis while using 1,2,4-trimethylbenzene as an internal standard, and the catalytic results are summarized in Table 1 . The fact that only aldehyde products were selectively formed and no corresponding carboxylic acid products detected is likely due to the known ability of TEMPO to scavenge free radicals, preventing the aldehydes from further auto-oxidation. 18, 46, 47 It was recently reported that copper(II) complexes of a terpyridine derived ligand catalyzed the aerobic oxidation of benzylic alcohols in aqueous basic media with up to 94% yield. 18, 48 Initially, we performed the oxidation of benzylic alcohol by using copper complex (R)-1 as catalyst with a low load (0.25%) at room temperature and a 0.2 M of K 2 CO 3 solution in water as reaction media in the presence of TEMPO (5 mol%), by taking advantage of water as a green solvent. Pleasingly, 31% yield of the only product, benzaldehyde was detected after 22 h (entry 1, Table 1 ). In contrast, when the same reaction was performed in an acetonitrile solution only negligible product was observed (entry 2, Table 1 ). Elevating the reaction temperature to 70 ºC resulted in the quantitative conversion of benzylic alcohol into benzaldehyde in aqueous K 2 CO 3 solution (99% GC yield, entry 3, Table 1 ) with a turnover number (TON) of 396. Reducing catalyst loading (substrate/catalyst ratio up to 1000/1) led to slightly lower yields, but the TON was improved to 770 (entries 4, 5, Table  1 ), which is well comparable to the highest TON value reported for this reaction. 48 The use of TEMPO radical was crucial for this reaction, as almost no reaction was revealed when it was run without the presence of TEMPO (entry 6, Table 1 ). The role of base additive was also tested. When the reaction was carried out in the presence of triethylamine (0.2 M in H 2 O), instead of K 2 CO 3 , 38% yield of benzaldehyde was obtained, while only trace amount of the product was found with the same base additive in acetonitrile (entries 8 and 9, Table 1 ).
Other bases such as sodium hydroxide or potassium tertbutoxide were also inferior base additives for this reaction (entries 10 and 11, Table 1 ). Without the use of the copper complex as catalysts, the reaction performed under the same conditions but with copper(II) acetate (1 mol% loading) resulted in only 12% yield of benzaldehyde (entry 24, Encouraged by the result described above, we next tested the oxidation of several substituted benzylic alcohols under the optimized conditions. Aromatic primary alcohols with both electron-withdrawing and donating groups can be converted to the corresponding aldehydes with moderate to high yields (up to 99%) and high TONs, while the result was relatively worse while using 4-nitrobenzyl alcohol and 4-methoxybenzaldehyde as substrates (entries 12-16, Table 1 ). However, aliphatic or secondary benzylic alcohols were confirmed to be challenging substrates for oxidation under the optimized conditions (entries 17 and 18), as also found for other Cu II /TEMPO catalysts. 18, 48 The complex (S,R)-2 was also examined for the oxidation of benzylic alcohols. It was noted that the oxidation of benzyl alcohol resulted in a 78% yield of benzaldehyde, in the presence of 0.5 mol% of (S,R)-2 under the same conditions (5 mol% TEMPO, 5 cm 3 of 0.2 M K 2 CO 3 in water, 70 ºC and 22 h), and the TON was much lower than that found for (R)-1 (156 vs. 770) (entry 19, Table 1 ). This indicated that complex (S,R)-2 is a slightly poorer oxidation catalyst than (R)-1. (S,R)-2 also catalyzed the conversion of other substituted aromatic primary alcohols to the corresponding aldehydes in moderate to high yields, albeit with lower TONs (entries 20-22, Table 1 ). Again, the oxidation of 1-phenylethanol practically did not proceed with catalyst (S,R)-2. The different catalytic activities found for the two copper(II) complexes are probably due to their differing structures. As we described above, in the solid state, (R)-1 adopts a tetranuclear copper(II) cluster structure with a µ-O bridged Cu 4 N 4 O 8 core, while (S,R)-2 contains a dinuclear Cu 2 N 2 O 4 unit surrounded by hydrophobic organic moieties. It is known that in a molecular catalyst containing more than one metal centre the Lewis acidity of a metal centre can be significantly enhanced by other closely linked Lewis acid sites through a Lewis acid-assisted Lewis acidity enhancement effect. [26] [27] [28] We therefore assume that the substrate accessible Cu II site in (R)-1 as shown in Fig. 2 is more acidic than any one of reactive Cu II centres in (S,R)-2, and therefore better able to coordinate to the substrate benzylic alcohols (upon deprotonation) and TEMPO radical, which was believed to play an important role in initiating the catalytic cycle. 18 Remarkably, it was also revealed that a trinuclear (Fig. 6b) will probably prevent, the substrates and TEMPO from accessing to the Cu II sites, thus partially suppress the catalytic ability of (S,R)-2, although the polar substrates and TEMPO molecules might still interact with the active copper(II) centres in the reaction mixture under an aqueous environment. Therefore, this possibility cannot be excluded for explaining their reactivity difference. Further catalytic studies on related Cu II cluster compounds would be highly desirable in order to uncover the structure-catalytic activity relationship between the metal catalysts with various nuclearities.
Conclusions
In conclusion, we have synthesized two chiral copper(II)-based Schiff base complexes, (R)-1 and (S,R)-2, respectively, through one-pot self-assembly reactions. Upon reacting the optically pure (R)-2-aminoglycinol, 3,5-di-tert-butyl-2-hydroxybenzaldehyde with copper(II) acetate in the presence of triethylamine, complex (R)-1 has been isolated as single crystals. The crystal structure confirms that (R)-1 is a chiral tetranuclear tetra-ligand complex containing a Cu 4 (µ-O) 2 (µ 3 -O) 2 N 4 O 4 core that is surrounded by the Schiff base ligands formed in situ. In contrast, (S)-1 was also prepared by the same procedure using an S-configuration amino alcohol starting material and the CD spectra revealed the opposite chirality of the resulting copper(II) complexes. (S,R)-2 was subsequently synthesized by using a more bulky amino alcohol, (1S,2R)-2-amino-1,2-diphenylethanol under the same reaction conditions, and the structural analysis shows (S,R)-2 is a dinuclear bisligand complex with two µ-O bridging Cu II centres. Both complexes have been applied to the catalytic aerobic oxidation of benzylic alcohols mediated by TEMPO. The results indicated that (R)-1 efficiently catalyzed the oxidation of benzyl alcohol in the air and in an aqueous K 2 CO 3 solution with TON up to 770, while relatively inferior results were observed when using (S,R)-2 as a catalyst under the same conditions. Other substrates were also tested in order to compare their different catalytic abilities. Although it was insufficient to draw a conclusion on what made the different reactivity of both Cu II complexes for catalysis, based on the present data obtained in this research, we have tentatively attributed this to the factors of molecular structures (tetranuclear vs. dinuclear) and intermolecular interactions. Our further investigation will be focused on elucidating the structure-catalytic activity relationship and the catalytic mechanism involving multiple metal centres.
